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Abstract

Damping rings of Linear Colliders are very low emit-
tance (εx < 1 nm) and high current (I ∼ 1A) storage
rings which accumulate electron and positron during sev-
eral damping times. The positron damping ring seems to be
serious for electron cloud instability obviously. We discuss
electron cloud build-up, coupled and single bunch instabil-
ities for the damping rings of GLC/NLC and TESLA.

INTRODUCTION

Design of Linear Collider projects are in progress as a
world wide collaboration. There are two possibility for
the linear collider scheme: one is normal conducting cavity
with X/C band power source, and another is superconduct-
ing cavity with L band power source.

A positron damping ring storages positron beam during
several damping time and extracts the beam with a very
low emittance to a main acceleration linac of the linear
collider. The damping ring accumulates many positron
bunches of the population of∼ 1010 with a narrow spac-
ing. The positron beam emits synchrotron radiation pho-
tons, which creates a large number of photoelectrons at the
chamber surface. Though ante-chambers are used to avoid
the photoelectrons, considerable rate of photoelectrons and
secondary electrons are accumulated in the chamber. Study
of the electron cloud effect in the damping ring is one of the
most important subject to realize the linear collider.

Some works on the electron cloud effect (CLIC, NLC,
TESLA and JLC) have been done for damping rings of lin-
ear collider projects as shown in Refs. [1, 2, 3, 4]. In this
paper, studies of electron cloud build-up, coupled bunch
and single bunch instabilities in GLC/NLC and TESLA
damping rings are presented.

The parameters of damping rings are shown in Table 1.
There are two parameters for the GLC/NLC damping ring,
where I and II are old and present ones.

ELECTRON CLOUD BUILD-UP

At first we investigate multipactoring threshold of elec-
tron cloud build-up. Above the threshold, a small num-
ber of electrons are amplified exponentially, with the result
that final electron density, which does not depend on ini-
tial yield of electrons, is determined by a balance of beam-
electron force and space charge force between electrons. In
such case, the line density of electrons, which increases up
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to neutralized level with that of beam, is too high to keep
the beam with the design parameters.

When electrons are absorbed at the chamber wall sur-
face, secondary electron emission is taken into account
with the formula [5],

δ2(E) = δ2(0) exp(−5E/Emax) (1)

+ δ2,max×
E

Emax

1.44
0.44 + (E/Emax)1.44

,

where Emax = 300 eV, δ2(0) = 0.5. The peak sec-
ondary yield (δ2,max), which depends on chamber material,
is scanned between1.2 ∼ 2.0.

We calculate electron density using the simulation code
PEI [6]. Motions of electrons interacting with beam are
tracked, and creation and absorption of electrons are repro-
duced on a computer. The distribution and the accumulated
number of electrons in the vacuum chamber are obtained as
a function of time. Space charge force between electrons is
neglected in these calculations, since an amplification from
a small number of electron is focused. Figure 1 shows the
electron amplification, which is the number of accumulated
electrons in a chamber normalized by the initial number.
The amplification factor (Ae) exponentially grows for time
at highδ2,max. The pulse (train) length of bunches is 270
ns (192 bunch×1.4 ns for GLC/NLC, while bunches are
filled every 20 ns (2820 bunches) in the TESLA damp-
ing ring. The amplification is 40 (δ2,max = 1.2) ∼ 1000
(δ2,max = 1.5) for GLC/NLC. The amplification in bend-
ing magnets is worse than that of drift space. For TESLA
the amplification is followed up to 4µs. δ2,max ≤ 1.8 is
no problem for drift space, but electrons are accumulated
in the bending section even forδ2,max = 1.7. These results
were consistent with those given by M. Pivi et al. [4].

We next consider the primary yield of electron. Elec-
trons are produced by ionization of residual gas due to
positron beam. The electron production rate per a positron
traveling in a meter isnI ∼ 1×10−8e−/(m·e+) at2×10−7

Pa.
Positron loss at chamber creates electrons, but the loss

rate is very small. If the beam life time is 1 hour, the loss
rate isnL = 10−12e+/(m·e+)Ye. It does not seem to be
large, depending on the conversion efficiency ofe+ to e−,
Ye.

The photo-emission due to synchrotron radiation is fur-
ther dominant from the above two sources. The number of
photon hitting the chamber wall is given by

nγ(/m · e+) =
5π√

3
αγ

L
, (2)



Table 1: Basic parameters of the GLC/NLC and TESLA damping rings

GLC/NLC-I GLC/NLC-II TESLA
circumference L (m) 348.3 300 17,000
energy E 1.98 1.98 5.
bunch population N+ 0.75× 1010 0.75× 1010 2× 1010

bunch spacing `b (ns) 1.4 1.4 20
emittance εx (m) 7× 10−10 2.4× 10−10 3× 10−10

εy (m) 5× 10−12 3.6× 10−12 8× 10−13

typical beta function β (m) 10 10 35(H)/66(V)
bunch length σz (mm) 5 5.5 5.5
synchrotron tune νs 0.01 0.00118 0.066
beam pipe radius R (cm) 1.0 1.0 2.5
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Figure 1: Amplification of electron cloud. The amplifi-
cations, which are the numbers of accumulated electrons
normalized by those of initial electrons, for (a) GLC/NLC-
II in drift space, (b) GLC/NLC-II in bending magnet, (c)
TESLA in drift space, and (d) TESLA in bending magnet
are depicted.

for a positron in a meter, whereα andγ are 1/137 and the
relativistic factor, respectively. The photon hitting rate is
nγ = 0.65γ/(/m · e+) for the GLC/NLC damping ring.
The number of photo-electron produced by a positron at
the chamber is given by

neγ(/m · e+) = nγYγ . (3)

The direct photo-emission rate was estimated to beYγ =
0.1 for cylindrical chamber. This value was consistent with
an in situ measurement of electron current using button
electrode in KEKB-LER [7]. The electron production rate
due to photo-emission isneγ = 0.065e−/(m·e+) per a
positron traveling in a meter for the GLC/NLC damping
ring (Yγ = 0.1). This value is 10 million bigger than that of
ionization. If the electrons are accumulatedAe = 10 times
of the yield in the chamber, their density, which reaches to
the neutralization level, is serious for the beam. The elec-
tron yield caused by the photo-emission must be reduced
by an ante-chamber. The reduction rate depends on geo-

metrical design, where photons are absorbed.
A test ante-chamber made from copper was installed in

KEKB-LER to investigate the density and yield of the elec-
tron cloud. Electrons detected by the monitor using button
electrode were reduced to be 1/100 of the case of cylindri-
cal cupper chamber for low beam current< 100 mA [8].
The reduction factor decreased to be 1/5 for high beam cur-
rent> 1 A. This decrease of the ratio seems to be due to
that multipactoring gradually dominates at the higher beam
current. From the detected electron at low current, it is
conjectured that the antechamber protected 99% of elec-
trons, produced by photo-emission at the KEKB test ante-
chamber.

We evaluate electron cloud build up with a condition,
the protection of primary electrons, 99.5%∼ 99%, and the
secondary peak yield,δ2,max = 1.2. As is shown later,
the condition is critical for the electron cloud instability
in the GLC/NLC damping ring. The electron density is
roughly estimated by the initial yield, the beam line density,
the amplification and cross-section of the chamber as3.3×
10−4×0.75×1010×30/(0.42×0.012π) = 5.6×1011 m−3,
where 30 is the amplification (Ae) shown in Figure 1(a).
Simulation considering initial production rate is performed
to obtain the cloud distribution and density in detail. Space
charge force of electron cloud is taken into account in these
calculations.

The electron production rate is now given by

neγ = 0.065×0.005−0.01/m·e+ = 3.3−6.6×10−4/m·e+.
(4)

The beam chamber is assumed to be cylindrical shape
and electrons are produced uniformly along azimuthal an-
gle with the reduced rate in the simulation.

Figure 2 shows variation of electron cloud density as a
function of bunch passage in the GLC/NLC damping ring.
Note that the unit of the horizontal axis corresponds to 1.4
ns. Averaged density of whole chamber and local density
near beam are plotted. Pictures (a) and (b) shows the den-
sities for 99% and 99.5% protection cases, respectively, in
drift section, and (c) and (d) shows densities for the same
cases in bending magnets. The central density is modulated



strongly by focusing of beam. The lowest value of each
time (bunch) is the density, with which a bunch starts to
interact the cloud, is used in the head-tail simulations. The
density increases and saturates at a certain density in drift
space, while does not saturate in bending magnet. Since
the train length is limited to 192 bunches, the density is not
very high in bending magnet. The central local density is
lower than that in drift space, if anything. In bending mag-
net, electron motion is restricted along vertical direction,
therefore the central density is not high. Depending on pa-
rameter, dense pillars of electrons are seen in a bending
magnet [9]. Instabilities are evaluated mainly for drift sec-
tion in following section, because of the higher densities.
The saturated density is3× 1012 m−3 and1.5× 1012 m−3

for 99% and 99.5% protection, respectively, at center, and
1.4 × 1012 m−3 and 0.7 × 1012 m−3 for average. This
value0.7 × 1012 m−3 is consistent with the simple esti-
mation from the initial rate and the amplification factor,
5.6×1011 m−3. and therefore the density linearly depends
on primary yield of 0.5% or 1%.

COUPLED BUNCH INSTABILITY

The coupled bunch instability is caused by a long range
(∼ m) wake field, which is induced by the electron cloud.
The wake field is evaluated as follows [6],

• Primary electrons are created in every bunch passage
through the chamber center with the line densityneγ .
Secondary electrons are created at absorption of an
electron with an energy (Eabs) by the rateδ2(Eabs).

• The creation process is repeated until the cloud den-
sity saturate at a certain value. These two steps is the
same is the build-up simulation.

• A bunch with a slight displacement passes through the
cloud, and then following bunches without displace-
ment pass through the chamber center.

• The creation process is repeated for the displaced and
following bunches.

• The following bunches experience forces from the
cloud, because the cloud is perturbed by the passage
of the displaced bunch. The wake field is calculated
by the forces.

Figure 3 shows the typical shape of the wake field (99 %
protection). In the figure, 180-th bunch is displaced 1 mm
and the average velocity kicks of electrons, which are re-
lated to the kick which bunches experience, are plotted.
The wake field for drift space and bending magnet are de-
picted in pictures (a) and (b), respectively. The wake field
in drift space has general feature of the transverse wake
field: namely it is defocusing for smallz, with the result
that higher (or negative) modes (ω ∼ nω0 − ωβ , where
0 < n < H/2), are enhanced in the unstable spectrum.
On the other hand, the wake in bending magnet has focus-
ing nature for smallz, especially in horizontal. In this case
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Figure 2: Electron cloud build-up in the GLC/NLC-II
damping ring. Average and center cloud densities for (a)
99% and (b) 99.5% in drift space, and (c) 99% (d) 99.5%
in bending magnet are depicted. The center cloud density
is that of radius of 1 mm.



lower modes (ω ∼ nω0 + ωβ) are enhanced (see Figure
4(b)). Similar feature is seen in mode spectrum with apply-
ing solenoid field [10].
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Figure 3: Long range wake field induced by the electron
cloud The wake field is represented by unit of velocity kick
of electron cloud (m/s). Red and blue points are horizontal
and vertical wake, respectively.

The growth rate of the coupled bunch instability is esti-
mated by the formula

Ωm − ωβ =
Ne

4πγνyNp

n∑
k=1

dvy,k

dy0
e2πik(m+νy)/h, (5)

whereNe is the number of the photoelectron produced by
a bunch through the ring circumference,Np the number of
positrons in a bunch,n the range of the wake field, and
γ the Lorentz factor.dvy,k/dy0 is the wake field fork-th
bunch due to displacement of a bunch (y0) in unit of ve-
locity kick of photoelectron cloud divided by the displace-
ment. Figure 4 shows the growth of the coupled bunch
mode caused by electron cloud. Mode spectra in drift space
angle bending magnet are depicted in pictures (a) and (b),
respectively. Modes with positive values are unstable in
the figure. As is discussed above, higher order mode is
unstable in drift space, and lower order mode is unstable
in bending magnet. The growth rate in bending magnet is
slower and occupation of the bending magnets is not much,
therefore mode spectrum in drift space will be observed in
experiments.

The growth rate was obtained as300µs (300 turn) and
600µs (600 turn) for 99% and 99.5% protection, respec-
tively. The coupled bunch instability can be cured by a
bunch by bunch feedback system, which can have a damp-
ing time of 100µm (100 turn). From these results, the
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Figure 4: Growth rate for vertical coupled bunch instability
caused by the electron cloud in the GLC/NLC-II damping
ring. Mode spectra in drift space angle bending magnet are
depicted in pictures (a) and (b), respectively.

electron (photon) protection rate is required to be less than
97% for δ2,max = 1.2 and 98.5% forδ2,max = 1.3 (see
Figure 1(a). Note that the amplification factor is twice at
δ2,max = 1.3).

SINGLE BUNCH INSTABILITY

A single bunch instability is caused by a short range
(∼ cm) wake field, which is induced by the electron cloud.
The short range wake field can be analytically estimated
by a simple model: that is, beam and electron cloud with
the same transverse size interact with each other. We focus
on the vertical instability in this paper. The wake field is
represented by a resonator model. The resonator frequency
(ωe) corresponds to oscillation frequency of electrons in the
beam field,

ωe,y =

√
λ+rec2

σy(σx + σy)
, (6)

whereλ+ andσx(y) are the beam line density in a bunch
and transverse beam sizes, respectively.re andc are the
electron classical radius and the speed of light, respectively.
The wake field is expressed by

W1(z) [m−2] = c
RS

Q
sin

(ωe

c
z
)

, (7)

where

c
RS

Q
=

λe

λ+

L

σy(σx + σy)
ωe

c
. (8)



The density of electron cloudλe, which is local line density
near the beam, is related to the electron volume densityρe

via λe = 2πρeσxσy. In our parameters (GLC/NLC-I),

cRS/Q = 0.94× 107m−2 ωe = 5.5× 1011s−1. (9)

We can also estimate the wake field using numerical
method. Electron cloud is much larger than beam size, non-
linear force may be important and electrons are focused
(pinched) at the beam center. The numerical calculation
can take into account these effects partly. The wake field
is calculated in a similar way as that for the coupled bunch
instability. The beam is uniformly distributed alongz di-
rection, and as the initial condition the electron cloud is
set to be a uniform distribution with a large transverse size
(10σx × 10σy).
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Figure 5: Short range wake field induced by the electron
cloud.

Figure 5 shows the vertical wake field obtained by the
simulation. The wake field in the figure damps alongz
due to nonlinear interaction with the electron cloud, though
that in Eq.(7) does not damp, namely a finiteQ factor is
obtained. The figure shows a slightly largercRS/Q =
1.4× 107 m−2 than the analytical value, andQ ∼ 3. ωe is
close to the analytical value.

The impedance due to the electron cloud is written as

Z(ω) =
cRS

ω

1

1 + iQ

(
ωe

ω
− ω

ωe

) (10)

= K
λe

λ+

L

σy(σx + σy)
ωe

ω

Z0

4π

Q

1 + iQ

(
ωe

ω
− ω

ωe

) ,

whereK is an enhancement factor due to cloud size, pinch-
ing etc. [11], andZ0 is the impedance of vacuum (377Ω).
The figure 4 showsK = 1.5. In the case of KEKB, the
enhancement factor wasK = 2 ∼ 4 for the vertical wake
field.

The single bunch instability is estimated from the wake
field. We use the coasting beam model to evaluate the in-
stability, because ofωeσz/c � 1. The threshold of the

instability is expressed by

U ≡
√

3λ+reβω0

γωeησδ

|Z⊥(ωe)|
Z0

=
√

3λ+reβ

γνsωeσz/c

|Z⊥(ωe)|
Z0

= 1.

(11)
ForU > 1, the beam is unstable.

We estimated the threshold value of electron cloud den-
sity for various positron storage rings,

ρe,th =
2γνsωeσz/c

KQ
√

3reβL
(12)

The results the damping rings are shown in Table 2.

Table 2: Single bunch electron cloud instability in positron
storage rings. The enhancement factor is chosen to beK =
3. The impedance is evaluated atρe = 1012 m−3.

variable (unit) G(N)LC-I G(N)LC-II TESLA
ωcσz/c 9.1 13.3 13.0
ρe,th (1012 m−3) 2.64 6.21 0.22
ρe,sim (1012 m−3) 1.5

The threshold density for the GLC/NLC damping ring is
larger than the predicted cloud density (1.5 × 1012 m−3):
that is, the single bunch instability does not occurs in the
present condition.

Though the wake field approximated by the resonator
model permits us to study the instability with simple an-
alytic methods, the estimation of the threshold includes
somewhat ambiguous factors: i.e., for example, how to
chooseK andQ. SinceK is related to pinching, one may
chooseK ∼ ωeσz/c. A value ofQ which is larger than
ωeσz/c is meaningless. To remove the ambiguity, tracking
simulations are required.

Two types of simulations have been done to study the
single bunch instability due to the electron cloud. One is
simplified simulation, in which a positron bunch is repre-
sented by macro-particles distributed on the longitudinal
phase space [12, 13, 14]. This model is a kind of extended
two particle model, which is used for studying the head-tail
effect due to ordinary impedance.

Another is more accurate model, in which a positron
bunch and electron cloud are represented by many macro-
particles. A bunch is divided into many (∼ 50) longitu-
dinal slices, and their interactions with cloud is evaluated
by solving electric potential with particle in cell method.
A code named PEHTS is used for the simulation [15].
The same method is used in the strong-strong simulation
for studying the beam-beam effects. Detailed algorithm is
presented in Ref.[16]. The same algorism is used widely
in the beam-beam, beam-ion and beam-cloud simulations
[17, 18, 19, 20].

One typical single bunch instability mechanism is the
head-tail effect. Though another mechanism, which is re-
lated to a large tune shift induced by electron cloud, may



be exist, the instability mechanism has been studied but is
not clear yet [21]. Therefore we focus head-tail effect in
this paper, though the other instability is seen in following
results.

In the simulation, beam-electron interaction is estimated
several times in one revolution of beam. The head-tail ef-
fect does not depend on tune basically except for a special
tune. The instability is characterized by interaction strength
per one synchrotron period. The interaction may be ap-
plied continuously or some discrete kicks. The difference
is negligible if many kicks are applied in one synchrotron
period. Since synchrotron tune is much less than 1, one
kick per revolution is sufficient except for special tune with
a synchro-beta resonance.

This fact means that the head-tail effect is scaled by in-
tegrated interaction (wake) strength divided by synchrotron
phase advance: namely∫

ρe(s)ds/

∫
φ(s)sds ∼ ρ̄e/νs. (13)

If some kinds of phenomena deviate from the scaling,
they are another kind of instability, otherwise they are false.
We sometimes face the other instability than head-tail one
in the simulations. The judgment whether true or false
sometimes confuses. The typical case can be seen below.

The scenario of the head-tail instability is as follows.
Motion of each particles in a bunch (cloud) moving in an
electric potential of cloud (bunch) is calculated. Electrons,
which oscillate with the frequency (ωe in Eq.(6)) causes
variation of dipole moment of the bunch alongz, 〈y+(zi)〉,
wherezi is the longitudinal position ofi-th slice. Dipole
moment of cloud〈ye(t = zi/c)〉 moves along the interac-
tion of i-th slice of the bunch coherently with the frequency
(ωe). The beam size〈y2

+(zi)〉 grows due to smear of the
dipole motion of beam.

We first present the simulation results for GLC/NLC-I
damping ring. Figure 6 shows typical feature of the head-
tail instability. Transverse dipole moment of a bunch and
cloud along the longitudinal direction, and dipole moment
of cloud are depicted in pictures (a) and (b) forνs = 0 and
= 0.002.

Figure 7 shows growth of beam size for various cloud
densities and various synchrotron tunes. pictures (a), (b),
(c) and (d) are obtained for the cloud density,ρe = 1,
2, 5, and 10×1011 m−3, respectively. In each picture,
evolutions for some synchrotron tunes are depicted. The
threshold for the synchrotron tune is 0.001, 0.002, 0.005
and 0.01, respectively: that is, the threshold synchrotron
tune is scaled by the density.

Figure 8 shows the scaling for̄ρ/νs. Evolutions for
ρe/νs = 1 × 1011/0.001 in the figure grdens are depicted
in this figure. For low cloud density less than5×1011 m−3,
the evolutions of the beam size have good agreement each
other. The growth forρe = 1 × 1012 m−3 deviates from
others. The deviation are not explained by the head-tail
effect. It is due to that electrons are localized in the simu-
lation. If actual distribution is localized, we may observe
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Figure 6: Beam and cloud centroid, and beam size along
the longitudinal coordinate. Pictures (a) and (b) are given
for νs = 0 and= 0.002.

such the beam enlargement. Actually the cloud is consid-
ered to distribute uniformly along the ring in most case. In
this case this enlargement is false. This type of beam en-
largement must be treated carefully in simulations. Any-
way the threshold of the head-tail instability is given as
ρe/νs ∼ 0.5 − 1 × 1012 m−3/0.01 for the GLC/NLC-I
damping ring. This threshold value is critical for 99.5%
protection of photons but is serious for 99% protection.

The same simulation was performed for the second pa-
rameter, GLC/NLC-II. Figure 9 shows the growth of the
beam size as a function of time (turn) for cloud densities
ρe = 1 and2× 1012 m−3 andνs = 0.0118. The threshold
of the head-tail instability is given asρe ∼ 1−2×1012 m−3

for νs = 0.0118 at the GLC/NLC-II damping ring.
We next discuss for the TESLA damping ring. The

TESLA damping ring has a long wiggler section with 500
m length. The cloud density of drift space is considered
to be much less than that of wiggler section. In the simula-
tion, feature of the instability is determined by the averaged
cloud density integrated over the ring circumference,

ρ̄e =
1
L

∮
ρe(s)ds. (14)

Beam is flat shape at arc and wiggler sections, while is
round shape at drift section in the ring. Since the wiggler
and arc section is dominant, the simulation is performed
for flat beam. Figure 10 shows growth of the vertical beam
size. We put 10 interaction point with electron cloud in
the ring. This simulation is performed with the condition
that electrons move freely: that is, electrons in drift space
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(turn) for various cloud densities and synchrotron tunes at
the GLC/NLC-I damping ring.
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Figure 8: Scaling of the beam size growth.
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Figure 9: Growth of the beam size as a function of time
(turn) for cloud densitiesρe = 1 and2 × 1012 m−3 and
νs = 0.0118 at the GLC/NLC-II damping ring.

are taken into account. An evolution of the beam size for
various cloud density is depicted in picture (a). The pic-
ture shows that beam enlargement is seen for cloud density
ρ̄e ≥ 5× 1010 m−3. The behavior for̄ρe = 5× 1010 m−3

is somewhat different from those of higher density. Picture
(b) depicts the beam size evolution for 10 and 40 interac-
tion points at the cloud density of̄ρe = 5× 1010 m−3. The
beam size growth disappears for 40 interaction points: that
is, the growth, which is caused by localized distribution of
cloud, may be false. Figure 11 shows growth of the vertical
beam size in the condition that electrons move only vertical
direction: i.e., motion in strong bending field is taken into
account. The threshold, which is somewhat higher, is in the
range ofρ̄e = 10− 20× 1010 m−3.

We conclude the threshold density is in the range of
ρ̄e = 5 − 10 × 1010 m−3 at the TESLA damping ring.
If electrons in strong bending field dominate the instabil-
ity, the threshold includes tōρe = 10 − 20 × 1010 m−3.
The wiggler section occupies 3% of the whole ring, there-
fore the local density of the wiggler section should be
less thanρe,w = 3 − 6 × 1012 m−3, where the thresh-
old for strong bending field is multiplied by 30. The neu-
tral density estimated by the beam line density isρe,n =
2 × 1010/(6 × 0.032 × 0.018) = 5.8 × 1012 m−3, where
the cross-section of wiggler chamber is32×18 mm2. If the
wiggler section, the cloud density is neutralized by multi-
pactoring, the instability may be serious. Some care (for



example putting gaps in the train), may be required so that
the density does not increase to the neutralization level.
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Figure 10: Evolution of the beam size for various cloud
densities. Picture (a) is obtained for 10 interaction points
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Figure 11: Evolution of the beam size for various cloud
densities. Picture is obtained for 40 interaction points at
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SUMMARY

We have studied electron cloud effects in the GLC/NLC
and partly in the TESLA damping rings. Multipactoring
condition, in which electrons increase exponentially, was
evaluated for drift section and bending magnet. The thresh-
old value in drift space wasδ2,max = 1.3 for GLC/NLC-
II and 1.9 for TESLA. In bending magnets, Amplifica-
tion factor is 40-70 and 30-70 in drift section and bend-

ing magnets, respectively forδ2,max = 1.2 − 1.3 in the
GLC/NLC damping ring. Basically the threshold for the
TESLA damping ring is higher than that for GLC/NLC.
However since the train length is very long in the TESLA
damping ring, some care (for example putting gaps in the
train) may be required.

We estimated cloud density for the primary electron pro-
duction ratene = 3.3× 10−4/m · e+ and secondary yield
δ2,peak = 1.2 in the GLC/NLC-II damping ring. Electron
cloud is built up to the density of1.5× 1012 m−3 at center
and0.7× 1012 m−3 in average, if 99.5% of the photoelec-
trons are protected by an antechamber.

The growth time of the coupled bunch instability was
600µs (600 turns) in the GLC/NLC-II damping ring. The
growth can be cured by a bunch-by-bunch feedback system
which can has capacity of damping time of about 100 turn.

The threshold of the single bunch instability was esti-
mated by an analytical theory and tracking simulations.
The threshold was estimatedρe = 2.9 × 1012 m−3 at
νs = 0.01 and ρe = 6.2 × 1012 m−3 at νs = 0.0118
in the GLC/NLC-I and II damping rings, respectively by
the analytic theory. Tracking simulations were done to de-
termine more accurate threshold cloud density. Thresh-
old of the single bunch instability was scaled byρe/νs.
The scaled threshold was in the ranges ofρe/νs = 0.5 −
1 × 1012/0.01 m−3 and1 − 2 × 1012/0.01 m−3 for the
GLC/NLC-I and II, respectively. These threshold values
had a discrepancy of factor 3-6 between analytical the-
ory and tracking simulation. The discrepancy is not es-
sential problem, but should be considered the limit of the
linear theory. A large phase angle of electron motion in
a bunch,ωcσz/c ≥ 10, induces pinching or disruption
of the cloud, with the result that the linear theory over-
estimates the threshold of the instability. Our conclu-
sion for the single bunch instability is the values given
by simulations,ρe/νs = 0.5 − 1 × 1012/0.01 m−3 and
1− 2× 1012/0.01 m−3 for the GLC/NLC-I and II, respec-
tively. This threshold value is critical for 99.5% protection
of photons but is serious for 99% protection.

The same analysis was performed for the TESLA damp-
ing ring. The analytic theory gave the threshold,2.2 ×
1011 m−3. The tracking simulation, in which electrons
move freely, showed the threshold in the range ofρ̄e =
5−10×1010 m−3 for νs = 0.065. The simulation, in which
electrons move in strong bending magnetic field, showed
the higher threshold,̄ρe = 10 − 20 × 1010 m−3. Here we
useρ̄e (Eq.14), because the cloud density strongly depends
on section in the TESLA damping ring. The simulation for
free electrons have again discrepancy of factor 2-4 due to
the large phase angleωcσz/c = 12, while that in bending
magnet is roughly consistent with the linear theory. In the
strong magnetic field, electrons are pinched only along the
vertical direction, therefore it is understood that the simu-
lation in bending field showed better consistency.

The wiggler section occupies 3% of the whole ring,
therefore the local density of the wiggler section should be
less thanρe,w = 3 − 6 × 1012 m−3. Probably the head-



tail instability does not occur, if some cares, for example
putting gaps in the train, are done so that the cloud density
does not increase up the neutralization level in magnets.
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